Evolutionary and developmental aspects of phalangeal formula variation in pig-nose and soft-shelled turtles (Carettochelyidae and Trionychidae) by Delfino, Massimo et al.
ORIGINAL ARTICLE
Evolutionary and developmental aspects of phalangeal
formula variation in pig-nose and soft-shelled turtles
(Carettochelyidae and Trionychidae)
Massimo Delfino & Uwe Fritz &
Marcelo R. Sánchez-Villagra
Received: 7 September 2009 /Accepted: 17 November 2009 /Published online: 6 March 2010
# Gesellschaft für Biologische Systematik 2010
Abstract In order to examine the evolution of the
phalangeal formula in a diverse clade of turtles, including
hyperphalangy as a rare condition in this group, we studied
210 specimens representing all extant genera of Trionychi-
dae and their sister taxon, Carettochelyidae. Both groups
consist of highly aquatic species with elongated autopods
that are either paddle-like (Trionychidae) or transformed to
flippers (Carettochelyidae). Phalangeal formulae were
obtained mostly by radiographs of alcohol-preserved or
dry specimens, as well as by direct counts from skeletons.
All trionychids and Carettochelys are pentadactylous, but
their phalangeal formulae differ. Carettochelys exhibits the
turtle-plesiomorphic state (manus and pes: 2-3-3-3-3), with
no variation in adults. Trionychids exhibit intraspecific
variation, ranging from 2-3-3-3-2 to 2-3-3-6-5 for the
manus, and from 2-3-3-3-2 to 2-3-3-5-3 for the pes. The
extant Carettochelys as well as the Middle Eocene
Allaeochelys crassesculpta are characterized by an elonga-
tion of phalanges, whereas trionychids consistently have
shorter phalanges. All trionychid genera exhibit some
degree of hyperphalangy in digits IV and V, in both the
manus and pes. Phalanges of the clawed digits I–III are
very robust compared to phalanges of the non-clawed
digits IV and V. The latter contribute significantly to the
enlargement of the paddle by their additional phalanges.
We hypothesize that this phalangeal pattern is coupled
with prolongation of growth processes in the non-clawed
digits. The differences in autopod morphology between
carettochelyids and trionychids reflect different locomotor
patterns related to different natural histories (elongated
flippers for high-speed escape in the mainly herbivorous
Carettochelys; broad paddles for rapid turns during
hunting in the mainly carnivorous trionychids). The autopod
of Pelodiscus sinensis is proposed as an experimental model
to examine the developmental basis of adult autopod
variation.
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Introduction
Despite being perceived as structurally constrained by the
presence of the shell (Renous et al. 2008), chelonians have
successfully diversified to a variety of forms adapted to
both aquatic and terrestrial habitats. Such ecological
diversity is correlated with different locomotor patterns that
are reflected, among others, in different autopod anatomy.
A number of studies have focused on the morphology,
functional diversity, and evolution of chelonian autopods,
but only a few extant species distributed among diverse
clades have been studied (Carettochelyidae: Walther 1922;
Chelidae: Fabrezi et al. 2009, Sánchez-Villagra et al. 2007a;
Cheloniidae: Sánchez-Villagra et al. 2007b; Chelydridae:
Rieppel 1993; Emydidae: Rosenberg 1892, Sheil and Portik
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2008; Geoemydidae: Fritz et al. 2006, Ludwig et al. 2007;
Pelomedusidae: Sánchez-Villagra et al. 2007a; Podocnemi-
didae: Fabrezi et al. 2009; Testudinidae: Auffenberg 1966,
Bramble 1982, Crumly and Sánchez-Villagra 2004, Hitschfeld
et al. 2008; Trionychidae: Ogushi 1911, Sheil 2003; general:
Baur 1892, Burke and Alberch 1985, Rabl 1910, Walker
1973, Zug 1971). By contrast, much is known about the
mechanisms of limb development, including those of the
skeletal elements in autopods (Cooper and Dawson 2009;
Fröbisch 2008; Gilbert 2006; Richardson et al. 2009; Shapiro
et al. 2007; Wagner and Larsson 2007), suggesting autopod
evolution as an attractive system for studying the diversifi-
cation of function and development in the limbs. In this
context, examination of variation among taxa and within
populations can be useful (Stern 2000). For example, Crumly
and Sánchez-Villagra (2004) examined the autopods in a
large sample of land tortoises and presented hypotheses
about the heterochronic growth processes associated with the
observed variation.
The goal of the present study is to comprehensively
analyze the phalangeal formula in two closely allied, and
morphologically highly derived, clades of extant chelo-
nians, Carettochelyidae and Trionychidae, in order to
explore possible evolutionary and developmental aspects
related to observed variation. Based on morphological and
molecular evidence, Carettochelyidae and Trionychidae
constitute sister groups (Fujita et al. 2004; Gaffney and
Meylan 1988; Shaffer et al. 1997), yet these clades exhibit
contrasting patterns of phalangeal formulae, including one
(hyperphalangy) that is unique among turtles and rare
among tetrapods.
Extant Trionychidae, or soft-shelled turtles, comprise 13
genera and 30 species from North America, Africa, Asia,
and New Guinea (Engstrom et al. 2004; Fritz and Havaš
2007; Meylan 1987; Praschag et al. 2007). There is a rich
fossil record dating back to the Lower Cretaceous of Asia
(Meylan and Gaffney 1992; Nessov 1995) and providing
evidence for the group’s former occurrence in Australia
(Gaffney and Bartholomai 1979) and South America (Head
et al. 2006; Wood and Patterson 1973). Trionychids are
characterized by a greatly reduced shell covered by a thick,
leathery integument instead of horny scutes (Delfino et al.
2010; Scheyer et al. 2007). Their broad, paddle-like
autopods (Fig. 1a, b) are exceptional among turtles in
Fig. 1 External morphology of
manus and pes in the trionychid
Pelodiscus sinensis (a, b) and
the carettochelyid Carettochelys
insculpta (c, d). (a) Dorsal view;
(b–d) ventral views. Both
trionychids and carettochelyids
are pentadactylous, but claws
are present only on the first
three digits (manus and pes) in
trionychids, on the first two
digits in C. insculpta
70 M. Delfino et al.
exhibiting a large number of phalanges in some digits—a
rare case of hyperphalangy (Renous et al. 2008; Richardson
and Chipman 2003).
Carettochelyidae are represented by their single extant
species, Carettochelys insculpta Ramsay, but their fossil
record indicates a long evolutionary history dating back to
the Upper Jurassic or Lower Cretaceous (de Lapparent de
Broin 2001), and many fossil taxa have been described
from all continents except Antarctica (Danilov 2005; de
Lapparent de Broin 2001). Carettochelyids share with
trionychids the absence of horny scutes on the shell, but
their anterior limbs are flippers rather than paddle-like as in
trionychids (Fig. 1c, d), a unique condition among non-
marine turtles (Renous et al. 2008). Trionychids and
carettochelyids live in aquatic habitats ranging from river
mud to deep waters of large rivers and lakes, and from
brackish to sea water (Pritchard 2001; Renous et al. 2008).
Previous examinations of the phalangeal formulae of
trionychids and carettochelyids, as for most turtles, have
been restricted to anecdotal reports or concern only single
species (Table 1). In both groups, a large autopod has
evolved, with interdigital webbing in adults. However, the
locomotor patterns are highly distinct: trionychids mostly
use forelimb rowing, with the powerstroke of one forelimb
alternating crosswise with that of the opposite hindlimb,
whereas carettochelyids are characterized by bilateral
forelimb flapping, i.e. simultaneous up-and-down move-
ments of both forelimbs, as in marine turtles (Blob et al.
2008).
A final important consideration in potentially explaining
autopod morphology concerns body size and allometry. The
role of size in the evolution of limb morphology has been
examined in various vertebrate clades (Alberch and Gale
1983), in some cases finding correlations that suggest the
role of heterochrony in growth patterns in evolution (e.g.
Crumly and Sánchez-Villagra 2004). The large variation in
adult body size of trionychids, which range from 10 or
12 cm to 129 cm shell length (Ernst and Barbour 1989;
Tang 1997), offers the chance to examine the effect of this
important variable in the diversity of an easily quantifiable
character complex, the phalangeal formula.
Material and methods
Phalangeal formulae were recorded from skeletal prepara-
tions or, in most cases, from radiographs of dry- or fluid-
preserved specimens housed at the Museum of Zoology,
Senckenberg Dresden (MTD), the Natural History Museum
in London (BMNH), the Naturhistorisches Museum in
Basel (NHMB), or the Forschungsinstitut Senckenberg
Frankfurt (SMF). A total of 210 post-hatching specimens
were analyzed, representing 21 (of the 30) species of all 13
currently recognized trionychid genera plus the only extant
carettochelyid genus and species (Table 2). A number of
specimens in suboptimal state of preservation were not
included in the analyses, in order to minimize the risk of
misinterpreting their autopod morphology.
Digits and phalanges were counted according to the
standardized method of Padian (1992); intraspecific varia-
tion in the number of phalanges in a certain digit is
indicated by numbers separated by a slash. We followed
traditional anatomical nomenclature by considering the
hooked proximal element of pedal digit V as the hooked
metatarsal (see Sánchez-Villagra et al. 2007a, and refer-
ences therein). However, Sheil and Portik (2008) and
Fabrezi et al. (2009) recently suggested naming this
element the distal tarsal 5. The nomenclature of taxon
names follows Fritz and Havaš (2007), except that the
former Aspideretes gangeticus (Cuvier) and A. hurum
(Gray) are referred to under the genus name Nilssonia
Gray after Praschag et al. (2007).
Taxon Manus Pes References
Carettochelyidae
Carettochelys insculpta 2-3-3-3-3 2-3-3-3-3 Walther (1922), Zug (1971)
Trionychidae
Apalone spinifera 2-3-3-4-3 2-3-3/4-4/5-2 Sheil (2003)
Chitra sp. 2-3-3-6-4 Walker (1973)
Cyclanorbis senegalensis 2-3-3-5-4 Rabl (1910)
Lissemys sp. 2-3-3-4-3 Zug (1971)
Pelochelys sp. 2-3-3-4-3 Zug (1971)
Pelodiscus sinensis 2-3-3-4-4 Rabl (1910)
Pelodiscus sinensis 2-3-3-5-4 2-3-3-4-3 Ogushi (1911)
‘Trionyx’ sp. 2-3-3-4-3 Zug (1971)
Table 1 Previously reported
phalangeal formulae of caretto-
chelyids and trionychids
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Technical remarks
The highest numbers of phalanges were recorded in
trionychid specimens examined with X-ray photographs
and not in skeletonized specimens; this is likely due to the
fact that terminal phalanges of non-clawed digits are so
minute that they are easily lost during or after preparation.
As already suggested by Jacobs (1941), who underlined
that radiography is the most promising technique for
properly assessing the topography of chelonian autopods,
our experience indicates that application of X-raying offers
the best results also for the evaluation of phalangeal
formulae. However, in a few cases actually mutilated digits,
lacking the terminal elements, may have been misinter-
preted as being complete. Concerning fossils, it seems
reasonable to predict that the highest phalangeal formulae
may not be found, and that fully grown specimens of the
largest species offer the best opportunity for retrieving the
distal supernumerary phalanges.
Results
The examination of 190 trionychid and 20 carettochelyid
specimens confirmed that only the first three digits in the
first group, and the first two digits in the second, bear claws
on both the manus and pes. The phalanges of clawed digits
are considerably thicker than those of non-clawed ones in
trionychids, whereas in carettochelyids no such difference
is evident. In both groups and both limbs, the phalangeal
formula of the clawed digits is constant: the first clawed
digit always has two phalanges only, whereas the other
clawed fingers have three phalanges each (however, a
fourth phalanx was reported for digit III in Apalone
spinifera Le Sueur by Sheil 2003; see Table 1). Relevant
differences concern the non-clawed digits, so that the
corresponding phalangeal formulae clearly differentiate
carettochelyids and trionychids. Carettochelyids have a
lower number of phalanges and exhibit no variation in the
adult phalangeal formula (manus 2-3-3-3-3, pes 2-3-3-3-3;
Figs. 2 and 3), whereas trionychids have a higher number
of phalanges and exhibit intraspecific and interspecific
ranges from 2-3-3-3-2 to 2-3-3-6-5 for the manus, and from
2-3-3-3-2 to 2-3-3-5-3 for the pes (Fig. 3; Table 2).
As shown in Table 2, the phalangeal numbers of
carettochelyids can be exceeded in all trionychid genera.
Digits IV and V in the manus, and IV in the pes, can have
up to 6, 5, and 5 phalanges, respectively; i.e. the range is
greater in the manus than in the pes. The digit characterized
by the highest number of phalanges is IV for both manus
Taxon M M M P P P n Max. SL
I–III IV V I–III IV V [cm]
Carettochelyidae
Carettochelys insculpta 2-3-3 3 3 2-3-3 3 3 20 55
Trionychidae
Pelodiscus sinensis 2-3-3 3/4/5/6* 2/3/4/5* 2-3-3 3/4/5 2/3/4 46 25
Lissemys scutata 2-3-3 5 3/4 2-3-3 3/4 3 2 <28
Lissemys punctata 2-3-3 3/4/5/6* 2/3/4/5* 2-3-3 3/4 2/3 22 28
Cyclanorbis senegalensis 2-3-3 4/5/6* 3/4/5* 2-3-3 3/4 3 11 35
Dogania subplana 2-3-3 3/4/5 2/3/4 2-3-3 3/4 2/3 11 35
Apalone mutica 2-3-3 3/4 3 2-3-3 4 3 3 36
Nilssonia formosa 2-3-3 4/5 3/4 2-3-3 4 3 3 40
Rafetus euphraticus 2-3-3 5/6* 4/5 2-3-3 4 2/3 2 40
Palea steindachneri 2-3-3 3/4/5 3/4 2-3-3 3/4 2/3 10 43
Apalone spinifera 2-3-3 3/4/5 2/3/4 2-3-3 3/4/5 2/3 22 50
Cycloderma aubryi 2-3-3 4 3/4 2-3-3 3/4 3 2 55
Cycloderma frenatum 2-?-3 5 4/5* 2-3-3 4 3 1 56
Apalone ferox 2-3-3 5 3 – – – 1 60
Cyclanorbis elegans 2-3-3 4 2 2-3-3 3/4 3 1 60
Nilssonia hurum 2-3-3 4/5 3/4 2-3-3 3/4 3 5 60
Amyda cartilaginea 2-3-3 4/5 3/4 2-3-3 3/4 2/3 13 70
Nilssonia gangetica 2-3-3 4/5 3 2-3-3 3/4 2/3 8 70
Trionyx triunguis 2-3-3 3/4/5 3 2-3-3 4 2/3 9 95
Chitra indica 2-3-3 3/4/5 2/3 2-3-3 3/4 2/3 17 115
Pelochelys cantorii 2-3-3 5 3 2-3-3 4 3 1 129
Table 2 Phalangeal formulae of
extant carettochelyids and
trionychids
M = manus; n = number of
specimens; P = pes; Roman
numerals refer to digits
Trionychid species sorted by
increasing maximum shell
length (Max. SL), the latter
rounded to the nearest cm (from
Ernst and Barbour 1989)
Phalangeal numbers in boldface
exceed plesiomorphic formula
for turtles (2-3-3-3-3; Sánchez-
Villagra et al. 2007b); numbers
with asterisks exceed plesiomor-
phic condition for all amniotes
(2-3-4-5-4; Cooper et al. 2007)
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and pes. In several species, the phalanges of digits IV and V
of the manus outnumber those of the corresponding digits
of the pes.
Figures 3 and 4 indicate a trend toward highest
frequencies of extra phalanges in the largest X-rayed
specimens (regardless of phylogenetic relationships), but
at the same time (Figs. 5 and 6; Table 2) the highest
numbers of phalanges were not recorded in species with a
shell length surpassing 56 cm (but see Discussion). In
Pelodiscus sinensis (Wiegmann), which in our sample is the
species with the largest number of specimens (36), there is
no clear variation connected to differences in ontogenetic
stage (Fig. 7).
Discussion
The development of elongated digits has evolved different-
ly in two sister clades of aquatic turtles: carettochelyid
flippers only have elongated phalanges, whereas the
paddle-shaped autopods of trionychids have an increased
number of phalanges in some digits. The two groups also
Fig. 2 Radiograph of Carettochelys insculpta (MTD 31365) showing
the typical phalangeal formula 2-3-3-3-3 for manus and pes of all 20
specimens studied. In this young turtle (straight shell length = 69 mm)
the typical elongation of phalanges is already visible (in particular in
digits III and IV)
Fig. 3 Hyperphalangy charac-
terizes trionychid but not
carettochelyid turtles. Adult
Carettochelys insculpta (MTD
30761) show elongated
phalanges and the formula 2-3-
3-3-3 for both manus (a) and
pes (b). In Cyclanorbis
senegalensis the formula for the
manus is 2-3-3-6-5 (c; MTD
44951) or 2-3-3-5-4 (d; MTD
39162). (e) Manus of Pelodiscus
sinensis (MTD 30740),
formula 2-3-3-5-5. The phalan-
geal formula for the pes is less
variable; Lissemys punctata
(MTD 32372) exhibits the
formula most frequent in trio-
nychids, 2-3-3-4-3 (f). Note that
the trionychid phalanges of
digits I and II are much more
robust than those of the other
digits, and that the terminal
phalanges of digits IV and V can
be very small. Roman numerals
denote digits, Arabic numerals
the number of phalanges of the
labelled digit
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Fig. 5 Phalangeal formulae significantly differ between Carettoche-
lyidae (here represented by the only extant species, Carettochelys
insculpta) and its sister group, Trionychidae. However, it is impossible
to detect clear differences between the two trionychid subclades,
Cyclanorbinae and Trionychinae, or between individual species.
Phalangeal formulae separated by colons (:) refer to the last two
digits of the manus (left) and pes (right), respectively. Phylogenetic
relationships follow Engstrom et al. (2004)
Fig. 4 Phalangeal formula versus straight shell length for trionychid
specimens analyzed (all species lumped together; only specimens with
known straight shell length considered; data for manus and pes from
120 and 141 specimens, respectively). Horizontal wide lines =
medians; boxes = interquartile ranges; broken lines = ranges; black
squares = outliers. Note that formulae with few phalanges in digits IV
and V do not occur among large-sized specimens, and the tendency
for higher frequencies of extra phalanges at the highest shell lengths
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differ in the degree of intraspecific variation in phalangeal
numbers exhibited: non-existent in carettochelyids versus
extensive in trionychids. The evolution of hyperphalangy in
vertebrates is rare; its occurrence in trionychids can be
explored from a functionalist and structuralist perspective.
We propose here an experimental model organism to study the
mechanism of development in a derived autopod morphology.
Hyperphalangy in trionychids
According to Fedak and Hall (2004: 151), “hyperphalangy
is a digit morphology in which increased numbers of
phalanges are arranged linearly within a digit beyond the
plesiomorphic condition.” This definition should be used
with caution, as the ‘plesiomorphic clause’ makes it taxon-
dependent. Thus, whereas trionychids do show hyper-
phalangy relative to turtles, many trionychid species would
not show hyperphalangy relative to other trionychids. We
do not present an alternative definition here, but would like
to emphasize the importance of specifying the phylogenetic
context of comparison.
Stem turtles reportedly had phalangeal formulae of 2-3-3-
4-3 for the manus and 2-3-4-4-? for the pes in the oldest and
most basal species, Odontochelys semitestacea Li et al. (Li et
al. 2008), and a reduced formula of 2-2-2-2-2 in other
Triassic taxa,Proganochelys Baur and Palaeochersis Rougier
et al. (Gaffney 1990). The probably plesiomorphic phalan-
geal formula for crown turtles is 2-3-3-3-3 for both manus
and pes (Sánchez-Villagra et al. 2007a). Therefore, extant
taxa with numbers of phalanges exceeding the formula 2-3-3-
3-3 represent clear cases of hyperphalangy. Here, we report
the widespread presence of hyperphalangy in Trionychidae.
All examined trionychid genera and species show some form
of hyperphalangy in both manus and pes (Table 2). The
highest number of phalanges occurs in digit IV in both
manus and pes, reflecting the lengthening of the autopod,
including the skin membrane that follows the clawed digits.
None of the trionychid species analyzed has a number of
phalanges exceeding the formula 4-6-6-6-6, defined by
Fedak and Hall (2004) as the threshold for extreme hyper-
phalangy, a condition known only among secondarily aquatic
vertebrates with flipper limb morphology, such as cetaceans,
plesiosaurs, and ichthyosaurs.
Possibly because of limitations in taxon sampling and/or
specimen number, the literature reports only two cases of
hyperphalangy in non-trionychid extant chelonians. Zug
(1971) described the presence of a supplementary phalanx
in digit V in the pes of Dermatemys Gray (Dermatemydi-
dae; phalangeal formula 2-3-3-3-4; see also Shapiro et al.
2007). In Pangshura smithii (Gray) (Geoemydidae), an
additional phalanx occurs sporadically in digit V of the pes
(2-3-3-3-4; Ludwig et al. 2007). Neither dermatemydids nor
geoemydids have any direct phylogenetic relations to
carettochelyids and trionychids (Krenz et al. 2005).
Development of hyperphalangy, and the trionychid
Pelodiscus sinensis as a model
Trionychids differ from other turtles in the way digits have
become elongated throughout evolutionary history. In their
Fig. 7 Individual straight shell length versus phalangeal formula for
the studied specimens of Pelodiscus sinensis
Fig. 6 Phalangeal formula versus maximum straight shell length for
trionychid species analyzed. Circles indicate data collected in this
study; asterisk, data from Walker (1973). Note that formulae with the
highest numbers of phalanges are limited to small-sized species,
probably reflecting the absence of fully grown specimens of large-
sized species in our sample (see also text)
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sister group, the carettochelyids, as well as in marine turtles
(Cheloniidae, Dermochelyidae), the phalangeal formula is
2-3-3-3-3 (Bever and Joyce 2005; Wyneken 2001). Both,
marine turtles and Carettochelys insculpta, have flipper-like
limbs without any supernumerary phalanges, but have
independently evolved particularly elongated phalanges.
The autopods of trionychids are not larger (neither
proportionally nor absolutely) than the flippers of marine
turtles and Carettochelys. Thus, limb size alone cannot be
the factor responsible for the evolution of supernumerary
phalanges in digits IV and V of trionychids. The latter have
just evolved a novel way to have a flipper.
The mechanism by which additional phalanges were
gained in trionychids most likely is the prolongation of
ancestral growth in digits IV and V, resulting in more
phalanges, but not in longer ones. The ontogenetic develop-
ment of phalanges in the Chinese soft-shelled turtle
Pelodiscus sinensis provides some clues to understanding
the developmental patterns and processes behind the
variation in phalangeal formulae in trionychids. Data on
autopod development in P. sinensis indicate that phalanges
were added terminally, not by intercalation of previously
formed phalangeal anlagen (Sánchez-Villagra et al. 2009).
Hence, the mechanism is the same as in the dolphin flipper
(Richardson and Oelschläger 2002).
The autopod anatomy of trionychids is consistent with
the developmental model of Richardson et al. (2004)
regarding the proximodistal patterning of the limb. In
trionychids, as in other groups of vertebrates exhibiting
hyperphalangy (cetaceans, ichthyosaurs, plesiosaurs), the
distal elements are supernumerary and serially similar,
whereas the number of proximal elements (carpals and
tarsals, metapodials) remains largely the same due to a
compartmentalization of spatial domains (Richardson et al.
2004: Fig. 2).
Bininda-Emonds et al. (2007) and Richardson et al.
(2009) found simultaneous chondrogenesis of forelimbs
versus hindlimbs in turtles, a pattern also recorded for P.
sinensis (Sánchez-Villagra et al. 2009). If this is generally
true for trionychids, then the higher number of phalanges in
the manus relative to the pes must be the result of
prolonged or accelerated growth in the former, rather than
of an earlier onset of chondrogenesis.
The primary axis is present in P. sinensis development
(Sánchez-Villagra et al. 2009). The anlagen of the structures
leading to the skeleton of digit IV appear before those of the
other digits. After the subsequent development of the digital
arch, the digit anlagen are all present at a similar stage of
chondrogenesis. Differential growth rate is responsible for
the fact that digits I–III are much thicker than digits IV and
V in later stages. There is a proximodistal gradient of
differentiation and size of cartilaginous elements. As
chondrification progresses, this gradient becomes more
visible in the alcian preparations in digits IV and V,
whereas the first three digits become less differentiated
proximodistally. When the phalanges ossify, the distal
phalanx of digit I is the first to start ossification in manus
and pes, and the first three digits are the earliest to ossify
thereafter (Sánchez-Villagra et al. 2009).
It is a challenge for future studies to examine the
molecular basis of phalangeal development in trionychids
using P. sinensis as model. This species is farm-bred in high
numbers for the Asian food market (van Dijk et al. 2000);
thus, eggs are easily available. Studies by Nagashima et al.
(2005, 2007) provide evidence that experimental manipu-
lation of P. sinensis embryos is technically possible,
underlining the species’ value as a model. Of particular
interest in this context are investigations by Nagashima et
al. (2007). These authors cauterized the apical ectodermal
ridge of the forelimb, resulting in a highly anomalous
manus. The interdigital webbing in P. sinensis is another
attractive object for studying the molecular basis of limb
evolution. In bats and ducks, different gene expression
mechanisms result in interdigital webbing (Sears 2008).
Pelodiscus sinensis offers the opportunity to compare the
underlying patterns for a third, distantly related clade.
Is there a correlation between phalangeal formulae
and adult size?
For another chelonian group, the land tortoises (Testudinidae),
Crumly and Sánchez-Villagra (2004) reported a correlation
between phalangeal formulae and adult size in that phalan-
geal and digital loss was associated with small size. At first
glance our data suggest a similar trend for trionychids,
because formulae with low phalangeal numbers in digits IV
and V were not recorded in the largest trionychid specimens
(Fig. 4). On the other hand, hyperphalangy exceeding the
plesiomorphic amniote condition (2-3-4-5-4; Cooper et al.
2007) seems to be restricted to the smaller species (Table 2).
Moreover, phalangeal formulae were found to be more
variable in small-sized than in larger species, which suggests
ontogenetic variation (Fig. 6). Hence, for trionychids the
hypothesis of a correlation between phalangeal numbers and
adult size is very tentative. Our data could be biased by the
limited number of fully adult specimens of large-sized
species. For instance, for the large-bodied Chitra indica
Gray (maximum shell length 115 cm; Ernst and Barbour
1989) only hatchlings could be studied, whose phalangeal
formulae most probably do not represent the adult condition.
The suspicion of sampling bias is increased by Walker
(1973) having reported six phalanges in digit IV of the
manus of Chitra sp. (Fig. 6). It seems more likely that
maximum body size and phalangeal formula are not
correlated in trionychids. This is supported by the lack of
correlation between shell length and phalangeal formula in
76 M. Delfino et al.
Pelodiscus sinensis, the best-sampled species in our study
(Fig. 7).
Phalangeal formulae in fossil trionychids
and carettochelyids
Despite the rich fossil record of trionychids and carettochelyids
with many extinct species (de Lapparent de Broin 2001), only
limited information is available about their phalangeal
formulae. Usually, fossils are preserved as shells or shell
fragments. Connected autopod elements, allowing the deter-
mination of phalangeal formulae, persist only exceptionally.
The few data available for fossil carettochelyids indicate
that the phalangeal formulae of Allaeochelys crassesculpta
Harrassowitz from the Middle Eocene of Germany closely
resembled those of Carettochelys insculpta. According to the
description of A. crassesculpta (Harrassowitz 1922), the two
taxa show the same phalangeal formula for the manus.
Moreover, both have two clawed digits in the pes (the
complete phalangeal formula for the pes of A. crassesculpta
is unknown due to poor preservation). The phalanges of A.
crassesculpta are elongated as in extant C. insculpta (Figs. 2
and 3a, b; see also Walther 1922: pls. 11, 12). For the fossil
trionychid “Aspideretes” singularis Hay (Middle Palaeocene
of New Mexico, USA), the nearly complete forelimb is
known (Hay 1908). Its phalangeal formula 2-3-3-?-4?
indicates the possible presence of at least one supernumerary
phalanx in digit V. These observations provide evidence for
the occurrence of elongated phalanges in carettochelyids at
least since the Middle Eocene, and of potentially supernu-
merary phalanges in trionychids at least since the Middle
Palaeocene.
Functional considerations
Trionychids, carettochelyids, and marine turtles (Chelonii-
dae, Dermochelyidae) are the only chelonians in which the
manus is larger than the pes (Jacobs 1941)—undoubtedly a
character state directly related to aquatic locomotion. While
carettochelyids and marine turtles independently developed
long flippers with elongated phalanges as underlying bony
structures, trionychids used another evolutionary avenue.
Their autopods are unique among extant chelonians in a
having a broad, paddle-like shape, with an enlarged palm
and digits connected by extensive webbing. In trionychids
there are only three strong claws; elongation of claw-less
digits, considerably contributing to the enlargement of the
paddle, is achieved not by phalangeal elongation, but by
supernumerary phalanges. Cooper et al. (2007; and refer-
ences therein) suggested that in cetaceans the elongated
flippers are associated with high-speed swimming, whereas
the larger surface area of broad flippers or paddles is
suitable for low-speed turns in shallow water.
However, it is well-known that both trionychids (Meylan
1987; Webb 1962; Zug 1971) and Carettochelys (Cann
1998) are powerful swimmers ranking among the fastest
freshwater turtles, so that a perfect parallel to marine
mammals cannot be drawn. Like in marine turtles, the
foreflippers of Carettochelys are used for ‘flying’ in the
water by simultaneous up-and-down movements (Ernst and
Barbour 1989); the hindlegs serve as rudders. By contrast,
the paddle-like extremities of trionychids, associated with
larger surface relative to Carettochelys, are used for
alternating, crosswise powerstrokes of forelimb and oppo-
site hind limb (authors’ observ.). We hypothesize that this
locomotion type, together with the morphology of triony-
chid extremities, is well-suited for rapid turns, an ability
highly useful when hunting fast prey, including crayfish
and fish (Ernst and Barbour 1989). Regarding the mainly
herbivorous Carettochelys (Cann 1998), it seems reason-
able to assume that it uses high-speed swimming to escape
predators (Cann 1998). We conclude that the highly
different autopod morphologies of carettochelyids and
trionychids reflect not only differences in locomotor
patterns, but also in natural histories. The evolution of
hyperphalangy in digits IV and V in trionychids to achieve
paddle-like autopods is novel within turtles and apparently
did not take place via simple prolongation of growth
associated with an increase in size. However, it remains
unclear what factors and pressures have enabled trionychids
to override their ancestral developmental programming to
evolve the comparatively rare strategy of hyperphalangy to
achieve an elongated limb, especially when other solutions
to this end exist in other turtle groups.
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